IMPORTANCE Scalp electroencephalography (EEG) and intraoperative electrocorticography (ECoG) are routinely used in the evaluation of magnetic resonance imaging-negative temporal lobe epilepsy (TLE) undergoing standard anterior temporal lobectomy with amygdalohippocampectomy (ATL), but the utility of interictal epileptiform discharge (IED) identification and its role in outcome are poorly defined.
T he prognosis for surgery in magnetic resonance imaging (MRI)-negative temporal lobe epilepsy (TLE) is less favorable than lesional epilepsy. Previous studies demonstrate a favorable postoperative outcome in 36% to 76% of patients with MRI-negative TLE. [1] [2] [3] [4] [5] [6] [7] [8] Many factors have been associated with a favorable outcome in MRI-negative TLE, 1,4,9-11 but there has been little improvement in postoperative outcomes. 12, 13 Both scalp and intracranial electroencephalography (EEG) play an important role in the selection of surgical candidates. While unilateral or localized ictal onset on scalp EEG has been associated with good outcomes, 11, 14 the role of interictal epileptiform discharges (IEDs) in outcomes is less clear. Intraoperative electrocorticography (ECoG) is commonly performed prior to resection at comprehensive epilepsy centers. However, its prognostic value in TLE surgery is unclear. Some data suggest ECoG may be useful in tailoring the surgical approach [15] [16] [17] or in selecting patients who may be able to bypass prolonged intracranial monitoring and proceed to surgery. 15 Other studies have not supported its use in the evaluation or prognosis of surgical patients with TLE. 18, 19 The use of ECoG in epilepsy surgery specifically for MRI-negative TLE has not been extensively evaluated. Most studies have focused on ECoG in lesional epilepsy including mesial temporal sclerosis (MTS), 17, 20, 21 contained heterogeneous patient groups, 9, [16] [17] [18] 22 or involved relatively small numbers of patients. 10, 15 To clarify the role of interictal EEG and intraoperative ECoG in the surgical management of MRI-negative TLE, we performed a multivariate analysis of 4 EEG findings and surgical outcomes in this population, including unilateral-only or bilateral independent IEDs on preoperative scalp EEG, complete resection of baseline ECoG IEDs, complete resection of opioid-induced ECoG IEDs, and location of ECoG IEDs.
Methods

Patients
Approval for this study was obtained from the Mayo Clinic Institutional Review Board. Patients who underwent comprehensive epilepsy evaluation between January 1, 1990, and October 15, 2010, were identified from the Mayo Clinic Epilepsy Surgery Database (Figure 1) . Informed consent was waived owing to the retrospective design of the study. Adult and pediatric patients were included if they had medically resistant TLE, normal MRI findings, no prior neurologic surgery, standardized ECoG at the time of surgery, and at least 12 months of postoperative follow-up. Follow-up included any office visit or direct correspondence from the patient (telephone call or written correspondence) documented in the medical record that outlined the patient's seizure outcome. All patients underwent a comprehensive evaluation including a seizure-protocol MRI, prolonged scalp EEG monitoring, and preneuropsychological and postneuropsychological assessment. For most of the study period, patients with unilateral temporal lobe seizure onset on scalp EEG and semiology not suggestive of early eloquent cortical involvement proceeded directly to surgery without prolonged intracranial monitoring, regardless of laterality. Patients with poorly localized or indeterminate seizure onset or with semiology concerning for eloquent cortex involvement underwent prolonged intracranial EEG monitoring. Patients were excluded if they underwent surgery without standard intraoperative ECoG, regardless of other testing. All data were obtained through retrospective medical record review. Data collected included sex, age at epilepsy onset, age at surgery, history of febrile seizures in childhood, days monitored with scalp EEG, pursuit of intracranial monitoring, side of seizure focus and resection, cortical resection size, time of seizure recurrence, and time of last follow-up. Electrophysiological data included the presence of unilateral-only or bilateral independent IEDs on presurgical scalp EEG, active contacts during baseline ECoG, active contacts during opioid-induced ECoG, and location of ECoG IEDs (mesial only, mesiolateral, or lateral neocortex only).
Imaging
A standard epilepsy protocol was performed on all patients using 1.5-T or 3-T MRI scanners. These included 4-mm coronal fluid-attenuated inversion recovery and high-resolution 1.6-mm T1-weighted slices cut perpendicularly through the hippocampal axis and standard T2-weighted sequences. Quantitative hippocampal volumes were performed on patients with suspected subtle hippocampal atrophy. 23 Imaging was reviewed at the time it was performed by board-certified neuroradiologists and subsequently at epilepsy conference by epileptologists, neurosurgeons, and epilepsy neuroradiologists. 
Scalp EEG
All patients underwent routine and prolonged scalp EEG using a 31-electrode modified 10-20 international system prior to surgery. Patients with any epileptiform abnormalities arising from the hemisphere contralateral to the seizure focus were classified as having bilateral independent IEDs. Epileptiform abnormalities included spikes, sharp waves, spike and wave discharges, and temporal intermittent rhythmic delta. All routine and prolonged scalp EEG studies performed prior to surgery were reviewed. All scalp EEG data were qualitative owing to retrospective medical record review. Data were available for all patients.
Anesthesia
All patients underwent standard anterior temporal lobectomy with amygdalohippocampectomy (ATL) under standardized general anesthesia. Anesthesia consisted of induction with intravenous thiopental sodium, 3 to 5 mg/kg, and intravenous fentanyl citrate, 2 μg/kg, followed by vecuronium neuromuscular blockade to maintain a single twitch with peripheral nerve stimulation. Anesthesia was maintained with 0.6% isoflurane inhaled with 50% nitrous oxide and intravenous fentanyl, 2 μg/kg/h. Prior to ECoG, isoflurane was held for at least 15 minutes and end-tidal concentration was monitored until it was less than 0.1%.
24
Intraoperative ECoG
All patients underwent standardized intraoperative ECoG immediately prior to ATL ( Figure 2 ). Anatomical landmarks were used to guide the placement of three 8-contact subdural strip electrodes (Adtech Inc) on the inferior frontal gyrus (IFS strip electrodes 1-8), superior temporal gyrus (STS strip electrodes 1-8), and inferior temporal gyrus (ITS strip electrodes 1-8). Three 1-contact depth electrodes (Adtech Inc) were placed laterally through the middle temporal gyrus targeting the amygdala, anterior hippocampus, and body of hippocampus. The ECoGs lasted 15 to 30 minutes and were read by an epileptologist at the time of recording using a standardized numbering system to indicate contact activity. After a baseline period of approximately 5 minutes, either alfentanil hydrochloride or remifentanil hydrochloride was used to induce IEDs in 63 patients. 25 Baseline IEDs were assessed first, followed by opioidinduced IEDs.
Interictal epileptiform discharge resection was designated as complete or incomplete based on standard ECoG placement and resection size. Figure 2 illustrates the electrodes considered anterior to resections at 30, 40, and 50 mm. One contact each on the superior temporal gyrus and the inferior temporal gyrus was considered resected for every additional 10 mm. Interictal epileptiform discharge resection was also considered complete if the intraoperative or surgical report noted that all IEDs were within the resected tissue. All depth electrodes were within the hippocampal resection. All inferior frontal gyrus electrodes were outside the resection field. Outcomes were assessed separately for baseline ECoG IEDs and opioid-induced ECoG IEDs.
The location of the IED was assigned to be mesial only if the patient had IEDs as a result from the depth electrodes alone and to be mesiolateral or lateral only if the patient had IEDs from the neocortical contact strips, either with or without depth-electrode IEDs. The location of the IED was determined by baseline ECoG unless the ECoG was normal, in which case patients were assigned based on their opioid-induced IEDs.
Surgical Procedure and Postoperative Outcomes
Surgery consisted of a neocortical resection of 50 to 60 mm in nondominant temporal lobes or 35 to 40 mm in dominant temporal lobes, with amygdala and hippocampal resection to the trigone (Figure 2 ).
Patients were grouped into excellent or nonexcellent postoperative outcomes based on Engel classification. Excellent outcomes corresponded with Engel class I, and nonexcellent outcomes corresponded with Engel classes II through IV. All patients had outcome data at least 12 months from the time of surgery.
Statistical Analysis
Categorical statistics were presented as absolute numbers and corresponding percentages. Continuous statistics were presented as medians and interquartile ranges (IQRs) to prevent outlier bias. Analysis was carried out on electrophysiological variables first in a univariate model using a log-rank time-toevent analysis. Variables reaching statistical significance in univariate analysis, defined as P ≤ .05, were also analyzed using Cox proportional hazards. Patients with data missing for a variable were excluded from the analysis of that variable but included in the analysis of other variables. Patients were excluded from multivariate analysis if they had data missing for any variable included in the multivariate analysis. Results were considered statistically significant if P ≤ .05. Statistical analysis was performed using JMP statistical software, version 9.0.1 (SAS Institute, Inc).
Results
Patient Characteristics
Patient characteristics are outlined in Table 1 . Of 1289 patients reviewed, 87 met criteria for inclusion (Figure 1 ). Eighty patients underwent 1.5-T MRI, and 7 underwent 3-T MRI. Surgical reports and ECoG were sufficient to describe the baseline ECoG IED field in 79 patients, including 3 patients based on intraoperative or surgical reports of complete IED resection. Eight patients had a normal baseline ECoG. Sixty-three patients had opioid-induced ECoG, with 60 having suitable data to describe the field of IED activation. Eighty-six patients had suitable data to group based on IED location, including 7 patients who were classified by opioid-induced ECoG. The remaining patient had a normal baseline ECoG and did not undergo opioid-induced ECoG.
Fifty-six patients (64%) were female. The median time to surgery after epilepsy onset was 14 years (IQR, 7-25 years). Thirty-three patients (38%) had only focal seizures or only a single generalized tonic-clonic seizure throughout the course of their epilepsy. Presurgical scalp EEG monitoring was longer in patients with bilateral independent IEDs compared with those with unilateral-only IEDs (median, 6 days [IQR, 5-7 days] for bilateral, 4 days [IQR, 4-6 days] for unilateral; P < .01). Fortyone patients (47%) had a right temporal focus. The most common pathological finding was nonspecific gliosis, identified in 
Patient Outcomes
The median time of follow-up after surgery was 41.8 months (IQR, 22.3-108.4 months). The supplemental material provides data on follow-up and time to seizure recurrence (eTable in Supplement). Forty-eight patients (55%) had an excellent outcome following surgery. Excellent outcomes were similar with respect to laterality, with 22 patients (54%) with a right temporal focus achieving an excellent outcome compared with 26 patients (57%) with a left temporal focus. Twelve patients (57%) with MTS on histopathology had an excellent outcome. Unilateral-only IEDs on scalp EEG (P = .001) and complete resection of baseline ECoG IEDs (P = .02) were both statistically significant with regard to postoperative outcomes using log-rank analysis (Figure 3) . Seventy-nine patients had data for both variables and were included in multivariate analysis. Both variables retained a significant association with outcome when assessed with Cox proportional hazards ( Table 2) .
Twenty patients with incomplete baseline ECoG resection had a nonexcellent outcome. Unresected IEDs were present in the inferior temporal gyrus alone in 14 patients (70%), inferior temporal gyrus and superior temporal gyrus in 2 patients (10%), inferior frontal gyrus alone in 2 patients (10%), inferior temporal gyrus and inferior frontal gyrus in 1 patient (5%), and all 3 neocortical strips in 1 patient (5%).
Twenty-five of 35 patients (71%) with both unilateralonly IEDs on scalp EEG and complete resection of baseline ECoG IEDs achieved an excellent outcome at last follow-up. Seventeen of 37 patients (46%) with either bilateral independent IEDs or incomplete resection of baseline ECoG IEDs had an excellent outcome at last follow-up. Seven patients had both 
Discussion
Our study demonstrates that unilateral-only IEDs on scalp EEG and complete resection of baseline ECoG IEDs were associated with better outcomes in patients with MRI-negative TLE. These findings are useful in surgical outcome prognosis and, in the case of ECoG, could potentially be used to give an individual patient the best possible opportunity for seizure freedom.
Patients with unilateral-only IEDs on scalp EEG prior to surgery demonstrated better outcomes compared with patients with bilateral independent discharges. To our knowledge, our study is unique in this regard. Many studies have evaluated preoperative IEDs with mixed results. One small study of patients with MRI-negative TLE found that unilateral anterior temporal IEDs were associated with better outcomes, 10 but
other studies failed to demonstrate significance 11 or demonstrated a trend with near significance. 1, 26 One study of consecutive patients with TLE did demonstrate an overall association, but the effect was driven by the lesional and hippocampal atrophy groups and was not seen in the MRInegative group. 7 Several other studies have failed to show any associated significance of scalp-recorded IEDs in surgical outcomes with predominantly lesional or MTS groups, 27-29 in heterogeneous groups of patients, 30 or in meta-analysis. 13 There was a significant difference in the number of days monitored between unilateral-only and bilateral independent scalp EEG IED groups. While a longer monitoring time may lead to finding bilateral independent IEDs, this likely reflects that monitoring was longer in these patients to exclude independent bihemispheric seizures in the setting of bilateral independent scalp EEG IEDs. The statistical significance demonstrated in our study and suggested in other MRI-negative studies may indicate a more extensive epileptogenic network in MRI-negative patients with bilateral independent IEDs, making them less likely to achieve an excellent surgical outcome. Intraoperative ECoG is often used to guide surgical resection of epileptogenic tissues. 25 We found that patients with ECoG-tailored resections in patients with mesial TLE, with or without MTS, may achieve outcomes comparable to standard surgical approaches. 16, 17 Improved long-term duration of favorable outcomes has also been linked to the use of ECoG. 6 Our study differs from the aforementioned studies as we specifically excluded patients with radiographic evidence of MTS or hippocampal atrophy. Histopathology demonstrated MTS in 24% of patients, which was consistent with other MRInegative TLE study populations, as was their excellent outcome rate of 57%. 1, 4, 26 This excellent outcome rate was similar to the overall group, indicating that patients with MRInegative TLE with positive pathology were not contributing unevenly to the overall proportion of excellent outcomes. Additionally, in contrast to the study by Cascino et al, which was also performed at the Mayo Clinic and included a 3-year overlap period with our study, we specifically evaluated IED resection rather than assessment of postoperative IEDs. Based on the results presented herein, baseline ECoG recordings do appear useful for prognosis in epilepsy surgery for patients with MRI-negative TLE. Tailored resection guided by ECoG may improve outcome and deserves further prospective evaluation. In contrast to the significance found between outcome and completeness of baseline ECoG IED resection, we found no association with complete resection of opioid-induced ECoG IEDs. Our result is important as opioid-induced activity is thought to originate from the epileptogenic zone. 24 We have previously investigated this effect and reported that IED activation was most prominent in individuals having the fewest IEDs at baseline. 24 These previous opioid-induced ECoG-related studies were performed in patients with MTS and did not investigate surgical outcome, prompting us to undertake the current study. Our data do not support that opioidinduced IED activation reflects the epileptogenic zone based on the lack of difference in clinical outcomes between resection groups. These opioid-induced IEDs may reflect propagation of discharges from the epileptogenic zone or independent activation of susceptible nonictogenic regions. A more thorough investigation including closer analysis of IED frequency changes, the presence of new independent IEDs, and associated tissue resection with patient outcomes would be helpful in the future. There was no difference in outcomes between mesialonly vs mesiolateral and lateral-only IED location. A study by proceed to surgery on the basis of ECoG IED location rather than undergo prolonged intracranial monitoring. It should be noted that our ECoG was more limited in coverage than the ECoG used by Luther et al, which included more extensive coverage of the inferior and subtemporal cortex and the temporal pole but did not include hippocampal depth electrodes. All patients in the aforementioned study also underwent prolonged intracranial monitoring prior to resection regardless of ECoG findings, whereas our study did not assess the results of prolonged intracranial monitoring. The major limitation of our study is its retrospective nature. Collection of EEG and ECoG information through unblinded medical record review rather than blinded review of raw EEG and ECoG data is suboptimal but required given the long study period. This limitation may also allow for incorporation of bias introduced at the time of ECoG and surgery. The evolution of imaging techniques over time may also introduce bias in lesion identification despite the use of a standardized imaging approach at our institution during the study period. Data were not available for all patients regarding all measures, most notably when assessing opioid-induced ECoG, as well as for 8 patients who had a normal baseline ECoG. Patients without data were not included in analysis for those specific measures. Patients with a normal baseline ECoG were also omitted from the multivariate analysis. A total of 22 patients were excluded owing to inadequate follow-up, with all of these patients having undergone ATL without prolonged intracranial monitoring. This may reflect a less severe disease state in patients who do not undergo intracranial monitoring, making them more likely to continue neurologic follow-up closer to home after surgery.
Conclusions
Ultimately, the use of a standardized ECoG protocol and consistent ATL surgical approach by the same 2 surgeons (W.R.M. and F.B.M.) in most patients throughout the study period provided compelling evidence that scalp EEG and intraoperative ECoG IEDs are potentially useful for postoperative prognosis, and the latter possibly for guiding surgical resection. A prospective study using a standardized ECoG approach would be useful to further clarify these issues.
